I. INTRODUCTION
Paper insulated lead covered (PILC) cables have played an important role in underground power distribution for a hundred years. As aged PILC cables begin to fail, it is appreciated that efficiently replacing cables before failure could lead to considerable cost savings.
Cable failure is accelerated by three prominent mechanisms: temperature stresses, moisture ingress, and partial discharge [1] . This paper focuses on the effects of temperature and moisture on the effective (complex) permittivity of the cable insulation. Measurements of the permittivity of the insulation are performed using dielectrometry sensors ( Fig. 1 ) designed to be wrapped around the circumference of cable samples of various sizes (Fig. 2) .
II. SAMPLE MATERIALS AND SETUP

A. Sample Materials
The PILC cable samples used for experimentation are shown in Fig. 2 . A three conductor cable (3CC) and single conductor cable are measured (1CC). Each cable is formed by bundles of copper conductors. Surrounding the center conductors is a series of helically wrapped, oil-impregnated paper tapes. Finally, a lead covering protects the cable from the exterior environment.
To perform dielectrometry measurements the lead sheath must be removed so that the sensors can be placed directly in contact with the oil-impregnated paper insulation. From the measurements, the electrical properties of the material as a function of temperature and transient moisture diffusion are found.
In addition to the PILC cables, measurements to verify proper operation of the sensor were taken on a variety of rod shaped materials including acrylic, Teflon, polycarbonate, polyethylene, maple, birch, and oak.
B. Experimental Setup
Experiments are conducted in small (diameter=14.6 cm, height=16.5 cm) and large (d=19.7 cm, h=21.6 cm) cylindrical vacuum chambers. Each is fitted with a vacuum pump connection, a number of SMA vias for connection to the sensors, and a humidity and temperature sensor. A PID temperature controller is connected to the thermistor and the heat tape to regulate the chamber temperature.
Various clamping mechanisms are used to hold the sensors of Fig. 1 in intimate contact with the sample material. Elastomeric seals are used to enforce moisture boundary conditions in moisture diffusion experiments.
III. DIELECTROMETRY SENSORS
A. Theoretical Field Solutions
Theoretical solutions for the electric fields and related quantities allows estimation of material permittivity and conductivity from experimental measurements of voltage gain and phase for each of the sensors in Fig. 1 . The electric field solutions consist of an infinite summation of Fourier series terms. The solution is found by first solving for the electric potential using Laplace's equation. From the potential the electric field solution, field lines, and the impedance between the driving and sensing electrodes can be found.
Two new cylindrical sensor configurations have been considered, namely a sensor with electrodes periodic in φ (angle about the cylinder), i.e., a φ-periodic sensor ( Fig. 1(b) ), and a sensor with electrodes periodic in z (along the axis), i.e., a zperiodic sensor ( Fig. 1(c) ).
In both cases an electroquasistatic approximation is made allowing the potential to be derived from Laplace's equation. The derivation is of considerable length and complexity for all the sensor configurations [2] . The details will follow in a subsequent publication. The general approach, however, is similar to that used for planar geometry sensors [3, 4] .
Solutions are implemented in software code and verified by finite element electric field solvers such as Ansoft Maxwell.
B. Design and Operation
A number of sensors were designed and manufactured for experimentation. Fig. 1 (a) illustrates a planar sensor consisting of three sensors on a single substrate. Each sensor has its own wavelength, or periodicity between electrodes experiencing the same excitation. The sensor of Fig. 1(a) is a threewavelength sensor, the wavelengths being of 1.0, 2.5 and 5.0 mm. This sensor is manufactured on a 4 mil (101.6 µm) PTFE substrate by Polyflon Company. The front surface (black) superimposed over the back surface (gray) contains a series of periodic electrodes. The back surface is simply a grounded backplane.
Electrodes are alternately excited and sensed (virtually grounded). A complex gain is measured experimentally by converting the current induced on the sense electrodes into a voltage, via a current to voltage converter op-amp circuit. The measured complex voltage gain is related to the admittances according to Eq. 1: In addition to the multi-wavelength sensor of Fig. 1(a) , several single wavelength sensors with 12 sense electrodes are designed to be wrapped around cylindrical samples. (In contrast, each wavelength of the sensor in Fig. 1(a) only has 5 sense electrodes.) The sense electrodes are grouped into adjacent pairs of two providing 6 unique measurements. These sensors provide sensitivity to dielectric changes in the direction of periodicity, a feature useful in monitoring diffusion proceeding in this direction. , 10 4 ) for each temperature and wavelength.
Only measurements at the lowest and highest temperatures are labeled on the plots for the 1.0 mm sensor. An increase in temperatures increases gain and decreases phase, making it straight forward to identify which line corresponds with which temperature. The same trend is observed on all three sensors.
The dielectric properties of the insulation are estimated from the experimental data in Fig. 3 . This is done by solving the inverse problem posed by the theoretical model. For the present geometry, the solution is expected to be unique [4] . The results are presently summarized by a master curve and activation energy according to the Arrhenius temperature dependence.
An Arrhenius temperature dependence may be used to describe a data set wherein a constant curve is shifted linearly on a logarithmic scale with variations in temperature. The dependence is characterized by a master curve and activation energy, E a [5, 6] .
The master curve is found from the estimated complex permittivity of the insulation. Each calculated curve (which correspond to a single measurement temperature) is shifted in frequency until the overlap is maximized (using a least squares metric). The master curve is estimated by averaging the three wavelengths of shifted curves together. The results are shown in Fig. 4 . The activation energy is defined by Eq. 2.
Here F(1/T) is the logarithmic frequency shift as a function of inverse temperature, k is the Boltzmann constant, and T is the temperature in Kelvin. By assuming the frequency shift is linear with respect to 1/T, we can solve for the activation energy in terms of known quantities and quantities determined from the experimental measurements according to Eq. 3.
Here, x= 1/T. If F(x) is of the form ax+b, we can estimate a from the information in Fig. 3 . The master curve is found by shifting the individual curves in frequency to minimize the mean square error and averaging. The resulting master curves are plotted in Fig. 4 as the real and imaginary parts of the effective complex permittivity,
. An arbitrary temperature (53 o C) is chosen at which the master curve is not shifted. This is equivalent to choosing b above.
The activation energies are calculated based on the frequency shift required in forming the master curve. The activations energies are estimated to be 0.8981±0.0137, 0.9083±0.0136, and 0.8909±0.0138 eV, for the 1.0, 2.5 and 5.0 mm sensors, respectively (± numbers are standard deviations) [7] .
The master curves for the 2.5 and 5.0 mm sensor channels are in excellent agreement for both low and high frequency. The 1.0 mm sensor appears to suggest a slightly more lossy material. This difference in conductivity may be due to inhomogeneities in the sample, temperature differences, poor contact of sensor to sample, or a variety of other factors. The high frequency portions are in excellent agreement. The conductivity, ωε΄΄, is seen to start increasing around 300 Hz. This is believed to be artificial, the result of slight errors in the phase measurement which are magnified at high frequency as can be seen from Eq. 1 when one considers the transconductance term, G T (ω) to be proportional to ε ′ ′ .
V. TRANSIENT MEASUREMENTS
Transient moisture diffusion experiments are performed to study moisture diffusion at a constant temperature. Measurements are taken using both φ and z types of periodic sensors.
For simplicity, we illustrate here an experiment conducted on a maple rod having a 3.18 cm (1¼ in.) diameter and 8.89 cm (3½ in.) length. (The dry maple rod at 53 o C and 1 Hz has ε r =3.1 and σ =10 -12 S/m.) The relative homogeneity of maple, relative to the cable, simplifies the diffusion process considerably allowing us to characterize the diffusion with a single diffusion coefficient, D o .
A 5 mm wavelength z-periodic sensor having six pairs of sensing electrodes spaced along the length of the rod is wrapped around the rod. In contrast to previous research, the measurement detects variations in the direction of periodicity rather than in the direction normal to the sensor [8] .
The electrodes circumscribe about 70% of the circumference. A special clamping mechanism is used to secure the sensor in place along with a rubber liner used to limit exposure of the rod to only one end of the cylinder.
The rod is sealed in an evacuated environment heated to 53 o C for several days. Any excess moisture resident in the sample is thus removed.
Measurements are sequentially and repeatedly taken simultaneously on each of the 6 measurement channels at 10 -2 , 10 -1 , 10 -0.9 , 10 -0.8 ,…, 10 3.9
, 10 4.0 Hz. Each measurement is time stamped so that the diffusion process can be analyzed at the completion of the experiment.
The choice to perform only measurements at a few very low frequencies is done to limit the time between consecutive measurements at the same frequency.
Once the six measurement channels all reach equilibrium and are approximately identical, evacuation of the chamber is stopped and the relative humidity is raised to 27%. These conditions are maintained for about 12 days at which time a new equilibrium is reached.
Some of the experimental measurement results are presented in Fig. 5 which shows the gain and phase of the complete measurement spectrum at select times. Alternatively, measurements can be presented at all measured times for select frequencies.
Channel 1 represents the channel closest to the exposed end of the cylinder. The remaining channels follow sequentially along the axis at 1 cm increments. Of the six channels, only channels 1, 3, and 6 are shown.
Initially, all measurement channels have a very similar, nearly flat spectrum with a high frequency gain near -71 dB, and a phase near 180 o . This is consistent with a low loss mate-
in Eq. 1). At the lowest frequencies, the phase begins to shift as the loss term becomes detectable. Fig. 5 shows that at intermediate times the frequency response noticeably changes as the moisture introduces a larger loss term. There is a noticeable lag in the frequency response for channels further from the moisture entrance. Channel 1 reaches a saturation point after about 5 days, while there is a still a slight change between day 8.1 and day 9.8 on channel 6.
VI. TRANSIENT MEASUREMENT ANALYSIS
Having conducted a transient measurement it is desirable to estimate the diffusion coefficient for the maple rod sample at 53 o C and an exterior relative humidity of 27%. The effective permittivity is first estimated from the experimental gain and phase measurements for each channel, frequency, and time. An Arrhenius moisture dependence is assumed. We estimate the frequency spectrum is shifted 3.8 decades from the initial condition to the steady state condition reached after about 12 days. A vertical shift of 0.63 is also used for the real part of the relative permittivity. Only a horizontal shift is used for the imaginary component.
A mapping between relative moisture content and effective permittivity is found at a select frequency by linearly shifting a master curve from the initial (0%) to final (100%) measurement condition and recording the effective permittivity as a function of relative moisture content.
Once a mapping is found each measurement is mapped to the closest relative moisture content point. Generally, this could be performed for each frequency. Here we present the results for measurements taken at 1 Hz. This is a convenient choice since it represents the middle of the measured spectrum which is less affected by the ends of the master curve which are estimated using fewer data points.
The relative moisture content is plotted as a function of position for select times along with theoretical curves for an estimate of the diffusion coefficient in Fig. 6 .
The diffusion coefficient is found by fitting the measured curves to curves generated using the diffusion equation 
